We have investigated terahertz radiation emitted from electrons photoexcited by femtosecond laser pulses in bulk GaAs under strong bias electric fields. Power dissipation spectra of electrons for step-function-like input electric fields have been obtained by calculating Fourier spectra of the measured terahertz traces. The cutoff frequency c for negative power dissipation ͑i.e., gain͒ due to intervalley transfer is found to gradually increase with increasing electric fields below 50 kV/cm and saturate at ϳ1 THz above 50 kV/cm at 300 K. From the temperature dependence of c , it is found that c is governed by the emission of optical phonons.
and the NDC bandwidths give intrinsic upper frequency limits to the microwave oscillators. For this reason, a number of works have been done to investigate high-field carrier transport [5] [6] [7] [8] and clarify mechanisms which limit the NDC bandwidths. 9, 10 However, since experimental methods for characterizing dynamical carrier conductivities ͑͒ up to the terahertz range were missing, measurements were done only in the microwave range.
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The time-domain terahertz emission spectroscopy is a unique experimental tool that can trace waveforms of electromagnetic radiation emitted from electrons accelerated by high electric fields. Using this technique, clear evidence for velocity overshoot has been experimentally demonstrated. [12] [13] [14] Recently, it was pointed out that the timedomain terahertz spectroscopy inherently measures the step response of electron systems to applied electric fields and provides us with a unique opportunity of determining conductivity spectra ͑͒ in the terahertz range, 15, 16 i.e., the Fourier spectra of the terahertz emission traces are proportional to ͑͒ of the electron system if the electron system has a linear response to applied electric fields. In this work, we have investigated terahertz radiation emitted from electrons photoexcited by femtosecond laser pulses in bulk GaAs under strong bias electric fields. Power dissipation spectra of electrons for step-function-like input electric fields have been obtained by calculating Fourier spectra of the measured terahertz traces for various bias electric fields and temperatures. The cutoff frequency c for negative power dissipation ͑i.e., gain͒ due to intervalley transfer is found to gradually increase with increasing bias electric fields F 0 for F 0 Ͻ 50 kV/ cm and saturate at around 1 THz for F 0 Ͼ 50 kV/ cm at 300 K. Furthermore, the mechanism that governs c will also be discussed.
Two undoped bulk GaAs samples grown by molecular beam epitaxy were used in this work. Sample 1 had a metal-intrinsic-n-type ͑m-i-n͒ semiconductor geometry with a 1 m thick undoped GaAs layer. Sample 2 had a m-i-n geometry with a 180 nm thick undoped GaAs layer. Femtosecond laser pulses from a mode-locked Al 2 O 3 : Ti laser with a spectral bandwidth of ϳ20 meV were used for the timedomain terahertz spectroscopy. The central photon energies of the light pulses were tuned from 1.422 eV at 300 K to 1.515 eV at 10 K in such a way that electrons ͑holes͒ were created near the bottom of the conduction band ͑the top of the valence band͒. The emitted terahertz radiation was collected by a pair of off-axis parabolic mirrors and recorded by a 100 m thick ͑110͒-oriented ZnTe EO crystal. 17 A part of the terahertz signal below ϳ0.6 THz was lost due to the limited numerical aperture of the collecting parabolic mirror and the high frequency cutoff ͑ϳ4 THz͒ was determined by the thickness of the EO crystal and the pulse width of the femtosecond laser. 18 The internal electric field F 0 in the undoped depletion regions was estimated from the voltage applied to the samples and the Schottky barrier heights determined from current-voltage measurements.
Figures 1͑a͒ and 1͑b͒ show the terahertz waveforms E THz ͑t͒ emitted from samples 1 and 2, respectively, for various dc bias electric fields F 0 at 300 K. As seen in the figure, E THz ͑t͒ has a bipolar feature, i.e., an initial positive peak and a subsequent negative dip. This feature arises from the velocity overshoot, [12] [13] [14] and the initial positive peak is due to electron acceleration in the ⌫-valley, while the subsequent negative dip originates from electron deceleration due to intervalley transfer from the ⌫-valley to the L-and X-valleys. It should be noted in Fig. 1 that the position of t = 0 was carefully determined by the maximum entropy method ͑MEM͒, 19 the detail of which will be reported elsewhere. The estimated time error is less than Ϯ30 fs. Now, let us recall the fact that the time-domain terahertz emission experiments inherently measure the step response of electron systems to applied electric fields. 15 this important implication, the power dissipation spectra of electron systems under step-function-like input electric fields can be obtained as follows. The power dissipation in the electron system is defined by P͑t͒ = J͑t͒F͑t͒, where J͑t͒ is the current density and F͑t͒ is the applied electric field. When J͑t͒ flows along the direction of F͑t͒, P͑t͒ is positive and gives Joule loss. However, if J͑t͒ flows in the opposite direction, P͑t͒ becomes negative and means gain. The energy dissipated in the system E is expressed as
where V is the volume of the sample. J͑͒ and F͑͒ are the Fourier spectra of J͑t͒ and F͑t͒, respectively, and F means the complex conjugate. The power dissipation spectrum is defined as
J͑͒ can be obtained from the Fourier transformation of the time-domain terahertz trace E THz ͑t͒ by noting the fact that E THz ͑t͒ is proportional to ‫ץ‬J͑t͒ / ‫ץ‬t,
͑3͒
We use an assumption that in the terahertz emission measurements, the sudden creation of photoexcited carriers by femtosecond laser pulses is equivalent to the application of step-function-like bias electric fields. 15, 16 For F͑t͒ = F 0 ⌰͑t͒ ͓⌰͑t͒: the Heaviside step function, F 0 : the magnitude of the applied dc bias electric field͔, F͑͒ can be expressed as
By substituting Eqs. ͑3͒ and ͑4͒ into Eq. ͑2͒, the power dissipation spectrum for a step-function-like input electric field can be written as
We obtain an important message from Eq. ͑5͒ that the real and imaginary parts of the Fourier spectra of E THz ͑t͒, Re͓E THz ͔͑͒, and Im͓E THz ͔͑͒ are proportional to Re͓P͔͑͒ and Im͓P͔͑͒, respectively. Figure 2 shows E THz ͑͒ calculated from the timedomain terahertz traces plotted in Fig. 1 . As seen in the figure, Re͓E THz ͔͑͒ has a dispersive curve, being negative in the low frequency region and turning into positive at high frequencies. It is also noted that the overall spectral shape shifts to the higher frequency side with increasing F 0 . The region for negative Re͓E THz ͔͑͒ gradually increases with increasing F 0 and extends up to ϳ1 THz, indicating that GaAs has an intrinsic gain due to intervalley transfer up to the terahertz frequency range. Similar behavior was observed at 10 K ͑not shown here͒.
The frequency c , where Re͓E THz ͔͑͒ changes its sign from negative to positive, is the cutoff frequency for the intervalley transfer gain. Figure 3 summarizes c as a function of F 0 for 300 K ͑circles͒ and 10 K ͑triangles͒. As mentioned before, the data points in the hatched region ͑Ͻ0.6 THz͒ may not be accurate because of the limited bandwidth in our measurement system. At 300 K, c increases with increasing F 0 up to 50 kV/cm and then saturates at around 1 THz for higher F 0 . At 10 K, c shows a similar behavior but saturates at a slightly lower frequency ͑ϳ0.75 THz͒. It is also noted that the observed c is much higher than the operation frequencies of Gunn diodes. Furthermore, it is even higher than the cutoff frequency for the NDC in GaAs predicted by Monte Carlo simulations. 6 As additional information, we also plotted the cutoff frequency in InP calculated by the hydrodynamic analysis method. 20 This discrepancy may not be surprising because the theories calculate the cutoff frequencies for small-signal NDCs, whereas the present terahertz method obtains the cutoff fre- quencies for large-signal conductivities ͑step-function-like input͒. 15 If the electron response to applied electric fields is not linear, these two conductivities may be different. More detailed comparison between theory and experiment calls for further study.
Finally, we would like to discuss the mechanism that governs the cutoff frequency c . Figure 4 plots the temperature dependence of c . c gradually decreases with decreasing T and its temperature dependence agrees with that for the emission rate of longitudinal optical ͑LO͒ phonons ͗N LO +1͘ plotted by a dashed line in the figure. Here, ͗N LO ͘ is the Bose-Einstein factor for the LO phonons. The observed agreement strongly suggests that c is governed by the energy relaxation time of electrons via LO phonon emission process, which is consistent with theoretical predictions. 9, 10 This insight also gives a clue to the origin of a sharp kink in the field dependence of c around 50 kV/cm, as shown in Fig. 3 . The experimental data indicate that the field dependence of the LO phonon emission rate changes at around 50 kV/cm. Although its origin is not clear at present, we think that the most plausible mechanism is the fieldinduced change in the character of electron wave function, perhaps due to band mixing between the ⌫ and the higher satellite valleys. 21 In summary, we have investigated terahertz radiation emitted from electrons photoexcited by femtosecond laser pulses in bulk GaAs under strong bias electric fields. Power dissipation spectra of electrons for step-function-like input electric fields have been obtained by calculating Fourier spectra of measured terahertz traces for various bias electric fields and temperatures. The cutoff frequency c for negative power dissipation ͑i.e., gain͒ due to intervalley transfer is found to gradually increase with increasing bias electric fields F 0 for F 0 Ͻ 50 kV/ cm and saturate at around 1 THz for F 0 Ͼ 50 kV/ cm at 300 K. Furthermore, from the temperature dependence of c , it is found that c is governed by the emission of optical phonons. 
